Introduction
============

Past visual experiences shape our current perception toward the visual world. On the one hand, it is well established that the visual system maintains high sensitivity to changes in the environment through visual adaptation, a phenomenon in which prolonged exposure to visual stimuli leads to negative aftereffects (for reviews, see [@B30]; [@B50], [@B51]). For example, when exposed to a sad facial expression for several seconds, observers perceived current faces as less sad ([@B22]; [@B54]; [@B41]). On the other hand, recent studies have demonstrated that the visual system also maintains a stable and continuous perception in the noisy visual environment over time through serial dependence, a phenomenon in which the perception of current stimuli is pulled toward recently viewed stimuli (i.e., positive aftereffects) ([@B17]; [@B32]; [@B29]). For example, perceived orientations of gratings were systematically biased toward recently viewed orientations in an orientation judgment task ([@B17]).

Serial dependence effects have frequently been reported for basic visual attributes, such as orientation ([@B17]; [@B34]; [@B35]), numerosity ([@B14]; [@B10]; [@B18]), motion ([@B2]), size ([@B3]), and position ([@B42]; [@B43]; [@B36]). Serial dependence has been considered a reflection of the Continuity Field: a spatiotemporal region where similar visual stimuli are integrated ([@B17]; [@B33]).

Human faces, as naturally complex stimuli, have both stable attributes (e.g., gender of faces) and changeable attributes (e.g., emotional expression of faces). Serial dependence effects have recently been observed in various aspects of stable attributes of faces, such as facial identity ([@B32]), facial gender ([@B46]), and facial attractiveness ([@B47]; [@B53]; [@B31]). However, inconsistent results have been found for a changeable attribute of faces -- facial emotional expression. Using a sequence of morphed facial stimuli created in the two dimensions of gender (a stable attribute) and expression (a changeable attribute), [@B46] presented a string of images to participants sequentially (the method of constant stimulus), and instructed them to perform two responses: the face is female or male and happy or sad. The results showed the opposite effects for the perception of these two attributes: clear positive serial dependencies for gender and well-known negative aftereffects for expression. They reasoned that there was no positive serial dependence of changeable attributes like facial expressions. However, using the method of adjustment (MOA) task where participants were instructed to adjust a variable stimulus to match a target stimulus, [@B33] most recently found that perception of a facial expression was biased toward recently viewed facial expressions (i.e., a positive serial dependence effect). Given these inconsistent findings, our first aim (Experiment 1) was to replicate [@B33]'s experiments using a two-interval forced choice (2IFC) task rather than their original MOA task, in order to investigate whether serial dependence of perceived facial expression could occur. In a 2IFC task, participants are sequentially presented with two alternative stimuli (e.g., faces) in two intervals, and are instructed to indicate which of the two stimuli is perceived to be the correct option (e.g., happier). Compared with the MOA task, the 2IFC task contributes to reduce response time and avoid interference from adjustment stimuli during the response stage ([@B32]).

Our second aim (Experiment 2 and 3) was to further investigate the nature of the serial dependence effect of perceived facial expression. Recent work has demonstrated that serial dependence effect is associated with working memory ([@B42]; [@B6]; [@B20]; [@B43]). For example, the serial dependence effect on orientation perception was found to be stronger when the current visual stimulus was retained in working memory for a longer duration in an adjustment task, suggesting that working memory may be a source of this effect ([@B20]). These findings were in line with previous reports that residual memory for stimuli on previous trials had influence on the judgment of the subsequent trial's stimuli ([@B39]; [@B49]; [@B23]). However, whether working memory representations would modulate serial dependence effects of perceived facial expression with a changeable attribute has not been investigated yet.

Collectively, the current study aimed to investigate the serial dependence of perceived emotional expression and its nature. Our results in Experiment 1 showed the existence of the serial dependence of perceived emotional expression. We further found that the serial dependence effect occurred only when the first facial expression was retained in working memory for a longer duration (Experiment 2), and the serial dependence effect became weaker when a longer delay between decision and response was performed (Experiment 3), indicating that working memory maintenance modulated serial dependence of perceived emotional expression.

Experiment 1: Examining the Serial Dependence of Perceived Emotional Expression Using the Method of Constant Stimuli
====================================================================================================================

In Experiment 1, we aimed to replicate the result of [@B33] experiments where perception of a facial expression was biased toward recently viewed facial expressions (i.e., serial dependence effect of perceived emotional expression), using the method of constant stimuli and a 2IFC task rather than their original MOA task. To verify the reliability of research results, we recruited two groups of participants (Experiment 1a and 1b) separately. They performed the same tasks but did them using different response instructions (see Procedure for details).

Methods
-------

### Participants

Sixteen participants (ten females; mean age = 21.2 years, *SD* = 1.9; 19--25 years) participated in Experiment 1a, and an additional sixteen participants (nine females; mean age = 20.8 years, *SD* = 1.4; 19--24 years) participated in Experiment 1b. All participants were naïve to the experiments, except one of the authors (S.C.) who participated in Experiment 1a. All participants of the current study had normal or corrected-normal vision, provided written informed consent and were paid after completing the experiments. All experimental procedures were approved by the School of Psychology Ethics Committee at Guizhou Normal University and conformed to the Declaration of Helsinki.

### Stimuli and Apparatus

We used FaceGen Modeller 3.4^[1](#fn01){ref-type="fn"}^ to generate an Asian male face model which is based on pictures of laser-scanned 3D human faces. FaceGen can generate realistic facial expressions by controlling action units parametrically, based on the Facial Action Coding System. This software has been used to morph various intensities of emotional expressions in previous studies (e.g., [@B24]; [@B48]). In the current study, the "Expression" module of the Modeller was used to morph the FaceGen model with a neutral expression into emotional faces. Using the "Sad Expression" sub-module, we morphed sad expressions with the neutral expression, resulting in a set of 25 sad morphs with various intensities ranging from 4 to 100% sad with 4% increments. Similarly, using the "Happy Expression" sub-module, we morphed happy expressions with the neutral expression, resulting in a set of 25 happy morphs with various intensities ranging from 4 to 100% happy with 4% increments. Thus, a continuum with 50 morphed faces from sad to happy was formed. These morphed faces were coded from number 1 to 50 along the continuum (see [Figure 1](#F1){ref-type="fig"}). All morphed faces were then cropped into oval shapes, using PhotoShop software and presented on a screen with a gray background. Note that the morphing method used in the current study was different than that used by [@B33] in which they generated morphs between two different expressions (e.g., from happy to sad). Morphing sad/happy with neutral could more closely produce natural expressions, compared with morphing between different expressions ([@B26]). The morphing method in the current study was used in previous studies (e.g., [@B27]; [@B8]; [@B15]; [@B25]; [@B38]; [@B40]).

![Examples of morphed emotional expressions used in Experiment 1, Experiment 2, and Experiment 3. Fifty morphs with various intensities from 100% sad to 100% happy were created using an Asian male model displaying a neutral expression. For convenience, we coded these morphs from number 1 to 50 along the continuum.](fpsyg-10-01610-g001){#F1}

Face stimuli (6.1° × 7.9°) were presented on the center of a gamma-corrected 21-in. CRT monitor with a resolution of 1024 × 768 pixels and a refresh rate of 85 Hz. All experiments were programmed using the PsychToolbox-3 ([@B7]; [@B44]) running in MATLAB (MathWorks, Natick, MA, United States). Participants were required to view face stimuli at a distance of 56 cm in a dark room, and their heads were rested on a chinrest. The same facial expression stimuli and apparatus were used for all experiments.

### Procedure

The method of constant stimuli and the 2IFC task was used. In each trial (see [Figure 2](#F2){ref-type="fig"}), two facial expressions were presented one after another. The first facial expression was presented for 1000 ms, followed by a 1000 ms noise mask with a random level of intensity in grayscale for each pixel and then a 250 ms fixation cross. Next, the second facial expression was presented for 500 ms, and after a 1000 ms noise mask, the question "which facial expression was more sad" (Experiment 1a) or "which facial expression was more happy" (Experiment 1b) appeared until participants made a response by pressing "1" or "2" on the keypad. The next trial started after a 1500 ms intertrial interval. The participants were allowed to guess if necessary.

![The schematic description of the trial sequences for the two-interval forced choice (2IFC) task and trial types in Experiment 1. The sad-previous trial **(A)** and happy-previous trial **(B)** were displayed separately. In each trial, the first facial expression was presented for 1000 ms, followed by a 1000 ms noise mask and a 250 ms fixation cross. Then the second facial expression was presented for 500 ms, and after a 1000 ms noise mask, the question "which facial expression was more sad" (Experiment 1a) or "which facial expression was more happy" (Experiment 1b) appeared until participants made a response by pressing "1" or "2" on the keypad. The next trial started after a 1500 ms intertrial interval. We classified the trial types based upon the position of the n-back first emotional expression in the morph continuum (see Analysis for details).](fpsyg-10-01610-g002){#F2}

In regard to different exposure durations of the first and the second facial expressions, we followed the trial sequence for the 2IFC task in Experiment 2 of [@B32], although they investigated the serial dependence effect in the perception of face identity rather than emotional expressions. The same rationale and parameters for exposure durations as that in experiment 2 of [@B32] were used. We hypothesized that the one-back first facial expression had a stronger pull to the next trial's first facial expression than the one-back second facial expression, given that the exposure duration of the first facial expression (i.e., 1000 ms) doubles as that of the second facial expression (i.e., 500 ms). If equal exposure durations for the first and the second facial expressions were used in a 2IFC task, the one-back serial dependence effect could not be found. This is because the first and the second facial expressions may have different emotional dimensions (i.e., sad versus happy), thereby producing opposite equal pulls to the next trial's first facial expression. These opposite pulls may cancel each other out, leading to no serial dependence effect.

Following the previous work ([@B32]), we randomly selected the first facial expression from 26 morphed expressions ranging from number 13 to 38 in the center of the morphed continuum in each trial. The second facial expression could have differences of ±12, ±6, or 0 bins from the first facial expression. For example, the facial expression numbered 1 should be selected as the second facial expression toward the -12 bin when a facial expression numbered 13 was selected as the first facial expression. The second facial expression displayed a more sad expression (or less happy) than the first facial expression when -12 and -6 bins were used; the second facial expression displayed less sad (or a more happy expression) than the first facial expression when +12 and +6 bins were used. The same first and second facial expressions were used in the 0 bin.

Because 26 morphed expressions for the first facial expression and five types of bins for the second facial expression were available in each trial, 130 trials were included in each session. Each participant finished three sessions (i.e., 390 trials) in total and had a break for at least 10 min between two successive sessions. Each session took approximately 13 min. Participants completed 20 practice trials in which feedback was provided but not in the formal experiments.

### Analysis

According to previous studies ([@B32]; [@B46]) and our current design, we classified trials into two subgroups: "sad-previous" trials and "happy-previous" trials. The former referred to those trials for which the one-back first facial expression belonged to the part including sad morphs (i.e., number 13 to 25) in the continuum; the latter referred to those trials for which the one-back first facial expression belonged to the part including happy morphs (i.e., number 26 to 38) in the continuum. Participants finished equal numbers of "sad-previous" trials and "happy-previous" trials. These two types of trials were randomly presented. For each participant, psychometric functions of the "sad-previous" trials and the "happy-previous" trials were separately fitted with a logistic equation as follows:

P

=

1

1

\+

e

−

a

(

x

−

b

)

Where x represents five bins (i.e., ± 12, ± 6 and 0), P represents percent of first faces chosen as more sad or happy on each bin, the parameters a and b are the slope and the point of subjective equality (PSE) for the logistic function, respectively. For each participant, the difference of the PSE values (ΔPSE) between the "sad-previous" trials and the "happy-previous" trials was calculated. This difference would be zero if serial dependence or visual adaptation failed to occur. Using one-sample *t*-test, we evaluated statistical significance between PSE differences and zero. For the *t*-tests, the Cohen's *d* was used as an indicator for the effect size ([@B13]).

Results
-------

In Experiment 1a, a significant leftward shift of the one-back sad-previous curve relative to the 1-back happy-previous curve (i.e., significant ΔPSE) was found \[*t*(15) = 2.55, *p* = 0.022, *d* = 0.64\] ([Figure 3A](#F3){ref-type="fig"}); similarly, in Experiment 1b a significant leftward shift of the one-back happy-previous curve relative to the one-back sad-previous was also found \[*t*(15) = 2.98, *p* = 0.009, *d* = 0.75\] ([Figure 3D](#F3){ref-type="fig"}). These results suggested that perception of the current trial's first facial expression was pulled toward one-back trial's first facial expression (one-back serial dependence effect).

![Grand average psychometric functions for Experiment 1a (top panel) and 1b (bottom panel). The horizontal coordinate represents the differences between the first and second facial expressions in the morph continuum. Trials in the --6 and --12 bin denote that the second facial expression displayed more sad (or less happy) than the first facial expression; trials in the 6 and 12 bin denote that the second facial expression displayed less sad (or more happy) than the first facial expression; trials in the 0 bin denote the same first and second facial expressions. Note that, for comparison, Experiment 1a and 1b have an opposite direction on the horizontal coordinate values. The vertical coordinate represents percent of the first facial expression chosen as more sad (Experiment 1a) or more happy (Experiment 1b) on the corresponding five bins. The red and blue curves represent the fitting curves for the "sad-previous" and "happy-previous" trials, respectively. ΔPSE denotes the differences of in PSE values (i.e., magnitude of serial dependence effects) between the "sad-previous" trials and the "happy-previous" trials. One-back, two-back and three-back serial dependence effects are shown separately in the top panel **(A--C)** for Experiment 1a and in the bottom panel **(D--F)** for Experiment 1b. See Procedure and Analysis for more details.](fpsyg-10-01610-g003){#F3}

There were no 2-back serial dependence effect \[Experiment 1a: *t*(15) = 1.70, *p* = 0.110, *d* = 0.43, see [Figure 3B](#F3){ref-type="fig"}; Experiment 1b: *t*(15) = 0.97, *p* = 0.347, *d* = 0.24, see [Figure 3E](#F3){ref-type="fig"}\] and 3-back serial dependence effects \[Experiment 1a: *t*(15) = 1.03, *p* = 0.320, *d* = 0.26, see [Figure 3C](#F3){ref-type="fig"}; Experiment 1b: *t*(15) = 0.32, *p* = 0.756, *d* = 0.08, see [Figure 3F](#F3){ref-type="fig"}\]. Similar results of Experiment 1a and 1b indicated that different response instructions had no impact on the serial dependence effect in the perception of perceived facial expression.

Given that average response times across participants were about 604 ± 228 ms in Experiment 1a and about 512 ± 154 ms in Experiment 1b, the one-back first facial expression appeared before the current first facial expression about 5854 ms and 5762 ms before in Experiment 1a and 1b, respectively. In addition, the fitted slopes (i.e., the parameter *a*) between the "sad-previous" and the "happy-previous" curves showed no significant difference \[Experiment 1a: *t*(15) = 0.92, *p* = 0.374, *d* = 0.23; Experiment 1b: *t*(15) = 1.29, *p* = 0.216, *d* = 0.32\], indicating that there was no difference in sensitivity between these two types of trials. Similar results were found when the author's (S.C.) data was removed for Experiment 1a (see [Supplementary Materials](#SM1){ref-type="supplementary-material"} for details).

Experiment 2: Stronger Serial Dependence of Perceived Emotional Expression When Lengthening the Duration of the First Face Retained in Working Memory
=====================================================================================================================================================

Experiment 1 replicated and extended previous results demonstrating the existence of the serial dependence of perceived emotional expression ([@B33]), using a different method (constant stimuli versus adjustment). Although recent works have demonstrated that working memory representations are associated with the serial dependence effects of stable attributes of visual stimuli ([@B42]; [@B6]; [@B20]; [@B43]), it is unclear whether the serial dependence effect of perceived emotional expression (a changeable visual attribute) would be modulated by working memory representation.

Given that the design of Experiment 1 required participants to compare the first faces with the second faces across time in the 2IFC task, a working memory component was necessarily involved. More specifically, in a 2IFC task participants need to judge how a stimulus they are looking at differs from another stimulus presented a few seconds ago, so they must draw on their memory for making the judgment. When the time interval between the two stimuli is longer, serial dependence from previous trials may impact upon their judgment more. In Experiment 2, we shortened or lengthened the duration of the first face retained in working memory in a 2IFC task to observe whether serial dependence effects would emerge.

Methods
-------

### Participants

Fifteen participants (eight females; mean age = 20.3 years, *SD* = 1.1; 19--22 years) participated in Experiment 2. Except for one of the authors (S.C.), all participants were naïve to the experiment. One additional participant was excluded because her data were greater than two standard deviations.

### Stimuli, Apparatus, Procedure, and Analysis

Stimuli, apparatus, procedure, and analysis were the same as Experiment 1, except for the following trial sequence (see [Figure 4](#F4){ref-type="fig"}). In Experiment 2, we used various time intervals between the first and the second faces by shortening the duration (50 ms) or lengthening the duration (2500 ms) of the noise mask 1. This design can lead to different durations for which the first emotional expression was retained in working memory before giving a final response for participants. The 50 ms and 2500 ms duration conditions were counterbalanced across sessions. All participants finished three sessions for each condition. In addition, to ensure an approximate equal time interval between the first face of the current trial and the next trial under the two delay duration conditions, we used different intertrial intervals (3200 ms or 750 ms) for the corresponding delay durations. Participants were instructed to decide which facial expression was perceived as happier.

![The trial procedure of Experiment 2. In each trial, the first facial expression was presented for 1000 ms, followed by a 50 ms or a 2500 ms noise mask 1. These two various durations were counterbalanced across sessions. After a 250 ms fixation cross, the second facial expression was presented for 500 ms, followed by a 1000 ms noise mask 2. Then the question "which facial expression was more happy" appeared until participants made a response by pressing "1" or "2." The next trial started after a 3200 ms or a 750 ms intertrial interval, depending on the corresponding delay durations of noise mask 1.](fpsyg-10-01610-g004){#F4}

Results
-------

A significant leftward shift of the happy-previous curve relative to the sad-previous was found for the 2500 ms delay duration condition \[*t*(13) = 5.08, *p* \< 0.001, *d* = 1.36\] ([Figure 5B](#F5){ref-type="fig"}), suggesting that a one-back serial dependence effect of the perceived emotion expression occurred. This result was consistent with the findings of Experiment 1. However, for the 50 ms delay duration condition, no serial dependence effect was observed \[*t*(13) = 1.74, *p* = 0.104, *d* = 0.47\] ([Figure 5A](#F5){ref-type="fig"}). Thus, working memory representation may modulate the serial dependence effect of a perceived emotional expression. Similar results were found when the author's (S.C.) data was removed for Experiment 2 (see [Supplementary Materials](#SM1){ref-type="supplementary-material"} for details).

![Grand average psychometric functions for the 50 ms **(A)** and 2500 ms **(B)** delay duration conditions in Experiment 2. Plotting conventions are same as in [Figure 3](#F3){ref-type="fig"}. The one-back serial dependence effect occurred in the 2500 ms delay duration condition but did not in the 50 ms delay duration condition.](fpsyg-10-01610-g005){#F5}

Experiment 3: Weaker Serial Dependence of Perceived Emotional Expression When Lengthening the Time Interval Between Decision and Response
=========================================================================================================================================

In Experiment 2, we found the serial dependence effect only when the first faces had to be retained in working memory for longer periods in a 2IFC task. In other words, maintaining the current first face in working memory for a longer period caused it to be recalled as more similar to the one-back first face. In Experiment 3 we further investigated whether memory decay would attenuate the serial dependence effect when a longer delay between decision and response was performed. In a 2IFC task, participants could make their decision as soon as the second face was presented, and they would only need to remember their decision until the response period started. Thus, more attention could be allocated to decision results rather than the current stimuli *per se* when a longer delay between decision and the response period was performed. Given that working memory and attention are considered to share the overlapping mechanisms (for reviews, [@B4]; [@B5]; [@B21]; [@B28]; [@B37]), we predicted that a weaker serial dependence effect would be observed in the longer-delay condition.

Methods
-------

### Participants

Seventeen participants (13 females; mean age = 20.3 years, *SD* = 1.0; 19--22 years) participated in Experiment 3. Four of the participants in Experiment 3 had participated in Experiment 1b. Except for one of the authors (S.C.), all participants were naïve with respect to the purpose of the experiment. Two additional participants were excluded because one did not follow the instructions and one's data were greater than the two standard deviations.

### Stimuli, Apparatus, Procedure, and Analysis

Stimuli, apparatus, procedure, and analysis were the same as in Experiment 2 except for following (see [Figure 6](#F6){ref-type="fig"}). In Experiment 3, we used various time intervals between the second face and the response introduction, using the three durations of the noise mask 2 (50 ms, 1000 ms and 2500 ms). The second faces would be retained in working memory for a longer period when a longer duration of the noise mask 2 was used. The three delay duration conditions were counterbalanced across sessions. All participants finished three sessions for each condition. Intertrial intervals included 3200, 2250, and 750 ms, depending on the delay duration of the noise mask 2. In addition, a One-Way Repeated Measures ANOVA was performed to compare the differences on the magnitude of the serial dependence effects for the 50, 1000, and 2500 ms delay duration conditions. For the ANOVA test, partial eta-squared ($\eta_{p}^{2}$) was used as an estimate of the effect size ([@B12]).

![The trial procedure of Experiment 3. In each trial, the first facial expression was presented for 1000 ms, followed by a 1000 ms noise mask 1. After a 250 ms fixation cross, the second facial expression was presented for 500 ms, followed by a 50 ms, a 1000 ms, or a 2500 ms noise mask 2. These three various durations were counterbalanced across sessions. Then the question "which facial expression was happier" appeared until participants made a response by pressing "1" or "2." The next trial started after a 3200 ms, a 2250 ms, or a 750 ms intertrial interval, depending on the corresponding delay durations of noise mask 2.](fpsyg-10-01610-g006){#F6}

Results
-------

For all three delay duration conditions, significant leftward shifts of happy-previous curve relative to the sad-previous were observed \[50 ms: *t*(16) = 5.64, *p* \< 0.001, *d* = 1.37; 1000 ms: *t*(16) = 3.75, *p* = 0.002, *d* = 0.91; 2500 ms: *t*(16) = 3.67, *p* = 0.002, *d* = 0.89\], demonstrating one-back serial dependence effects ([Figure 7](#F7){ref-type="fig"}). More importantly, a One-Way Repeated Measures ANOVA suggested that the time interval between decision and the response period had a significant effect on the magnitude of the serial dependence effects (i.e., ΔPSE) \[*F*(~2,32~) = 3.42, *p* = 0.045, $\eta_{p}^{2}$ = 0.18\]. As expected, the *post hoc* paired comparisons demonstrated that the magnitude of the serial dependence effect of the 50 ms delay duration condition was significantly greater than that of the 2500 ms delay duration condition (*p* = 0.007), suggesting that lengthening the time interval between decision and the response period reduced the serial dependence effect toward a one-back first emotional expression, due to memory decay. Thus, the findings of Experiment 3 were consistent with that of Experiment 2, indicating that working memory maintenance modulated the serial dependence effect of perceived emotional expression. In addition, although an inspection of [Figure 5](#F5){ref-type="fig"} found that the magnitude of the serial dependence effects decreased as the time interval between decision and the response period increased, the differences between the 50 ms and 1000 ms delay duration conditions and between the 1000 ms and 2500 ms delay duration conditions did not reach a statistical significance (*p* = 0.296 and *p* = 0.180). Similar results were found when the author's (S.C.) data was removed for Experiment 3 (see [Supplementary Materials](#SM1){ref-type="supplementary-material"} for details).

![Grand average psychometric functions for the 50 ms **(A)**, 1000 ms **(B)** and 2500 ms **(C)** delay duration conditions in Experiment 3. Plotting conventions are the same as in [Figure 3](#F3){ref-type="fig"}. The one-back serial dependence effect was significantly stronger in the 50 ms delay duration condition than that in the 2500 ms delay duration condition.](fpsyg-10-01610-g007){#F7}

Discussion
==========

Using three psychophysical experiments, we revealed the serial dependence effect of perceived emotional expression and its dependence on working memory. Experiment 1a and 1b demonstrated that perceived emotional expression was pulled by the one-back expression occurring on the ∼6 s before, and this positive serial dependence effect was independent of response instructions. Experiment 2 suggested that the serial dependence effect of perceived emotional expression occurred only when working memory representation toward the first emotional expression was retained for a longer duration. Experiment 3 further showed that the serial dependence effect was weakened when a longer delay between decision and response was performed. These results attest the existence of serial dependence in facial emotional expression and indicate that working memory representations modulate the serial dependence effect of perceived emotional expression.

In the current study, we replicated [@B33] findings about the serial dependence effect in perceived emotional expression. The 2IFC task was used in our work, rather than the MOA task used in [@B33] work, indicating that the serial dependence in perceived emotional expression did not depend on experimental tasks. However, our current results were inconsistent with [@B46] study in which the serial dependence effect of perceived facial emotion expression failed to be observed. One of the possible reasons is that in their study facial emotional expressions presented on the current and previous trial involved different genders of faces. As shown in Experiment 2 of [@B33], a pull in perceived emotional expression toward recently viewed expression occurred only under a condition in which the current and previous emotional expression had the same gender. In our experiments the same gender was also used for the current and previous trial. Thus, the serial dependence of perceived emotional expression indeed exists but may depend on face similarity.

Previous studies have demonstrated clear positive serial dependencies in the perception of stable attributes of faces (e.g., [@B32]; [@B46]; [@B31]). Our current study and [@B33] work both show that even for the perception of changeable attributes like facial emotional expression, there are serial dependence effects. This mechanism promotes us to perceive an individual's emotional expression as stable in social interactions during a certain period. After all, it is impossible that emotional expressions of an individual would change from moment to moment despite being less stable relative to other attributes of faces like gender. Recent work showed that another changeable attribute of faces -- eye gaze direction -- also exhibited the serial dependence effect ([@B1]). More research should be carried out to investigate whether serial dependence effects exist for other changeable attributes of faces such as face viewpoint. In addition, to maintain high sensitivity to detect new expressions, the visual system simultaneously also exhibits visual adaptation (i.e., negative aftereffects) in the perception of emotional expression ([@B52]; [@B19]; [@B16]; [@B9]; [@B54]; [@B41]). Serial dependence and visual adaptation together shape our perception of emotional expressions. How these two mechanisms interact in the perception of emotional expression remains an open question.

Experiment 2 showed that the serial dependence effect was magnified when the first face was in the working memory for longer, consistent with previous results obtained by using the MOA task ([@B6]; [@B20]). In the MOA task, to perform an adjustment response, participants need to remember the target stimulus. The longer the time interval between the target stimulus and adjustment stimulus is, the longer the target stimulus is retained in working memory. Similarly, in the 2IFC task, to perform the comparison of two target faces in the response period, participants need to remember the two target faces. The longer the time interval between the first and the second target faces is, the longer the first face is retained in working memory. Thus, as Experiment 2 suggested, a stronger serial dependence effect of perceived emotional expression appeared when the time interval became longer between the first and the second faces. Furthermore, in Experiment 3 we controlled the time interval between the second face and the start of the responding period and predicted that memory decay would happen in the longer-decay condition. This would attenuate the serial dependence effect. As expected, the results of Experiment 3 attested the hypothesis. Therefore, Experiment 2 and 3 both provided evidence that working memory representation modulated the serial dependence effect in the perception of emotional expression. Previous studies have examined the role of working memory toward the serial dependence effects of the basic visual features such as orientation ([@B20]) and position ([@B42]; [@B6]; [@B43]). Our current results demonstrates that working memory also modulates the serial dependence of the high-level visual attributes such as emotional expressions.

Furthermore, taken together with past work ([@B6]; [@B20]), the results of Experiment 2 indicated that working memory may help consolidate memory representations toward the recently seen stimuli over time and thus increases the magnitude of the serial dependence effect. A previous study suggested that visual short-term maintenance also increased the magnitude of the tilt negative aftereffect ([@B45]). These results indicate that memory consolidation works not only in visual adaptation but also in serial dependence. However, memory consolidation can be active in serial dependence only when memory demands are prolonged (e.g., in Experiment 2 working memory representations of first faces must be retained to perform the comparison of two faces presented sequentially). As the results of Experiment 3 suggested, memory decay rather than memory consolidation appeared when the face stimuli was not active in working memory, resulting in the attenuation of the magnitude of the serial dependence effect. In line with this view, recently [@B6] found that the magnitude of the serial dependence effect decreased with the mere passage of time. The time course of the serial dependence effect in working memory needs to be further investigated in future work.

However, an alternative explanation was possible with regards to the result of Experiment 2 in which no serial dependence effect was observed for the 50 ms delay duration condition. Because positive aftereffects (i.e., serial dependence) and negative aftereffects (i.e., visual adaptation) may be present at the same time in visual perception ([@B17]; [@B46]; [@B2]; [@B11]; [@B36]), both these opposing biases could cancel each other out for the 50 ms delay duration condition. In future work, the role of mask duration in the perception of perceived emotional expression should be explored.

In the current study, the serial dependence effects (ΔPSE) ranging from 1.02 to 1.88 morph steps seems small. Previous studies using a similar task can provide a reference for the effect size. Given that the current study followed the design of [@B32] in Experiment 2, similar 2IFC task and stimulus parameters (e.g., ±12, and ±6 morph step differences for the two faces) were used. In fact, in their study the serial dependence effect (ΔPSE) also seemed small (i.e., about 2 morph steps). We imagine that the reported effects, which were smaller than morph steps (i.e., six steps) used as differences in constant stimuli in the 2IFC task, are associated with the selection of stimulus levels when using the method of constant stimuli and the 2IFC task. To efficiently fit the psychometric function and obtain PSE when using the method of constant stimuli, the minimum and maximum stimulus levels need to be included and various stimulus levels need to be as differentiable as possible. Therefore, as previous studies suggest, the estimated PSE is usually smaller than the differences in stimulus levels that are used as constant stimuli in serial dependence ([@B32]; [@B20]). In addition, some other factors may contribute to the strength of the serial dependence effects such as the stimulus duration, the time interval between adjacent trials, the magnitude of the stimuli (e.g., use the most extreme emotional expressions for the first face). In particular, because the maximum difference for the first faces of adjacent trials was 25 morph bins in the current study, the size of the serial dependence effect could be reduced. Therefore, which factors influenced the strength of the serial dependence effect should be systematically investigated in future work.

In summary, using psychophysical experiments, we observed the serial dependence effect of the perceived emotional expression, and found that working memory modulated this effect. These results, taken together with previous works, suggest that the Continuity Field appears to operate on not only stable (e.g., face identity) but also on changeable (e.g., emotional expression) attributes of faces.
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